Parkinson's disease leads to a breakdown in the execution of highly practised, skilled movements such as walking and handwriting. The improved execution of skilled movements with practice can be understood as a process of schema learning, the determining of the relevant parameters of the specific movement. The ability of patients with Parkinson's disease and age matched normal control subjects to improve their performance, with practice, on a skilled motor task, doing up buttons, was assessed. The task was assessed on its own and with simultaneous foot tapping. Both groups showed an initial improvement in the task on its own and deterioration in performance when buttoning with foot tapping. The amount of interference, however, decreased with practice, particularly in the patients with a 2 Hz tapping rate. The results suggest that patients with Parkinson's disease are capable ofschema learning but require more practice than control subjects to achieve comparable levels of performance. This may be a reflection of the fundamental motor dysfunction of the disease rather than a specific learning deficit.
was assessed. The task was assessed on its own and with simultaneous foot tapping. Both groups showed an initial improvement in the task on its own and deterioration in performance when buttoning with foot tapping. The amount of interference, however, decreased with practice, particularly in the patients with a 2 Hz tapping rate. The results suggest that patients with Parkinson's disease are capable ofschema learning but require more practice than control subjects to achieve comparable levels of performance. This may be a reflection of the fundamental motor dysfunction of the disease rather than a specific learning deficit. A number of criteria have been used to define automaticity.7 that operates without capacity (or attention, resources, for instance). This implies that it neither suffers from, nor causes interference to, another process being performed at the same time. Therefore, the degree of automaticity of a task-for example, during the process of skill acquisition-can be determined by measuring its susceptibility to suffer from or cause interference to another task carried out at the same time.
Because of the adoption of interference as the main criterion, dual tasks paradigms have become the main method for assessing automaticity and its corollary, control. In such paradigms, the subject performs the main or primary task both on its own and together with a secondary task. The secondary tasks are chosen according to the level of processing resources that they demand. By manipulation of the resource demands of the secondary task, the level of resource remaining for the primary task can be modified. If the primary task is automatic, it should not matter how much resource is available. Performance should be independent of the resource demands of the secondary task. If, however, the primary task is resource demanding (that is, not automatic) then interference will occur once the resource demands of the two tasks exceed the resource limit.
Schema theory and the generalised motor programme As noted above, skill acquisition can be thought of as the transfer from controlled, attention demanding processes to more automatic and less attention demanding processes. However, does it follow that a task, once learned to a high level of skill, is necessarily performed automatically under all circumstances?
In considering this question it is necessary to review the concept of the generalised motor programme,10 which, in the terminology of Marsden,' 2 was called the motor plan. This is a motor programme for a particular class of action, stored in an abstract form without the parameters necessary to specify any one particular movement. These subordinate and variable parameters include specific muscles groups, and force. Evidence for such generalised motor programmes can be found in skills such as writing. An individual's writing, although unique, has certain invariant features regardless of whether it is performed by the hand, foot, or mouth." The "writing" programme itself is seen as oeing stored in a generalised form. The particular muscle groups employed, the force of activation appropriate to the nature of the writing implement, the surface, etc, may be viewed as the subordinate and variable parameters. In Marsden's terminology these are the subordinate motor programmes within the motor plan. The acquisition of a new skill, therefore, may be seen as the building of a generalised motor programme, which then incorporates task relevant parameters.
When a generalised motor programme exist and a skill has been acquired, it still remains for the individual to determine the physical parameters of the movement under the specific conditions existing at that time. Schmidt refers to this process as schema learning.'2 When performing a skilled movement in a novel situation, the subject will start with knowledge of the initial conditions and the desired outcome of action. From these, and on the basis of previous experience within the generalised motor programme, the motor schema will specify a set ofparameters. On execution of the movement, various types of information will be fed back to the motor schema. These include proprioceptive information from the joints and muscles, exteroceptive feedback (vision, sound), and, finally, information about the final outcome of the movement (knowledge of results). This combined information will update the motor schema, which in turn provides a new and more accurate set of parameters for the generalised motor programme.
Because schema learning involves monitoring both proprioceptive and exteroceptive sensory information, it follows that this stage must make some demands on the attentional capacity of the individual. In other words, performance at this stage should be subject to interference from another concurrent task. The degree of interference will presumably depend on the novelty of the conditions under which the skill is being performed and the degree to which the normal parameters have to be modified. For instance, we rarely have to think about walking because we are able to adapt our existing motor programme with great speed and flexibility depending on whether we are walking on concrete or carpet, with large strides or with small steps while moving forward in a queue. In some circumstances, however, such as walking on ice or across a ploughed field, or stepping on to a moving escalator, it takes more time and more conscious effort to determine and reset the parameters of the motor schema for the action. Consequently we may find that we have to stop our conversation and concentrate on keeping our balance. With practice, however, the new parameters are learned and we can continue our conversation.
Returning to Parkinson's disease, how might schema theory help us understand the deficits in executing skilled action? A reasonable hypothesis is that patients with Parkinson's disease have problems not with the automatic execution of the learned motor plan per se but with the process of schema learning-that is, rapid, flexible adaptation of the parameters according to changing demands.
The aim of the present study was to examine the performance of a skilled motor task by patients with Parkinson's disease in comparison to normal patients, using a dual task paradigm. The first decision was the choice of a skilled task. To be considered highly skilled, the task should have been practised for many years. While actions such as walking and handwriting meet this criteria, they are difficult to quantify. Therefore, a decision was made to assess the time required to do up buttons, a motor action impaired in patients with Parkinson's disease. 13This skill, involving the sequential, bimanual coordination of fingers and thumbs, is acquired in childhood and practised throughout life, often without visual control. That the fine coordination involved in this action is relatively automatic can be judged from the fact that we can normally button a garment at the same time as performing other tasks in everyday life. Whenever a new garment is first encountered, the process of -schema learning will involve determining the specific characteristics of the task: button size, size of hole, stiffness of material, etc. Improvement in performance with practice may be taken as evidence that schema learning is taking place. The degree to which learning is controlled or attention demanding may be assessed by the degree to which performance, at different stages, is sensitive to interference from a concurrent secondary task. Method Subjects Twenty one patients (14 men, 7 women) with idiopathic Parkinson's disease and 23 age matched normal controls (9 men, 14 women) participated in the study. The average ages of the groups were, respectively, 609 (SD 11.7) years and 62-6 (9.2) years. The mean age of onset of Parkinson's disease was 51-9 (11 5) years, giving an average duration of illness of 9.0 (6&8) years. The patients were assessed on the Hoehn and Yahr scale'4 and the King's College Hospital (KCH) Parkinson's disease rating scale (scores range from 0 to 117). '5 Three patients were in Hoehn andYahr stage I, three in stage II, and 15 in stage III. Mean (SD) KCH score was 27-8 . Twenty of the patients were taking levodopa (mean (SD) daily dose 675 (292) mg), seven in combination with anticholinergics. Eighteen of the patients and 21 of the controls were right handed.
Experimental tasks
The primary motor task selected was doing up buttons on a cardigan. Two identical woollen cardigans were used, one male version and one female version (buttons on right and left sides respectively). Each cardigan had five buttons of 2-5 cm diameter. The cardigans were large enough to fit all subjects comfortably. The time taken to do up buttons was the dependent variable, which was measured from the command to start to the successful completion of the last button. The primary motor task of doing up buttons was assessed on its own and with a secondary task. Two levels of secondary task were used: foot tapping at the rates of 2 Hz and 4 Hz. Foot tapping was monitored using a counter activated by a foot switch. The mean frequency of foot tapping was calculated from the total number of foot taps over the period from start to finish of the primary task.
Procedure All subjects performed each of the test condi- to the value of external pacing stimuli on task performance; as such they were secondary to the main question being addressed by this paper. In fact, the metronome had no significant impact on performance in either group. The data from these trials will not be reported here. However, it is important to bear in mind that these trials provided opportunities for extra buttoning practice, both without and with a secondary task.
After this first block of trials the subjects had a five minute break. After the break the subjects had a further trial of buttoning alone, followed by the above conditions in reverse order, including four more trials with a metronome; these data will not be reported here.
This second block of trials ended with a final trial of buttoning alone.
Statistical analysis
Time for buttoning alone was moderately skewed in both groups. Analysis of buttoning time without a secondary task was based on square root transformed data. Buttoning with a secondary task was highly skewed, particularly in the patient group, but the degree of skewness varied in the different conditions. As a result, no single transformation could adequately normalise all of the data. Because of this, non-parametric analyses were performed on the dual task data, and the results are reported in terms of medians and interquartile ranges (the range containing the middle 50% of the distribution).
Results
The two groups did not differ in terms of age (t = 0 54, df = 42, p = 0 59), handedness 
Change in performance with initial practice, therefore, was the same in both groups. This implies that the significant group x trial interaction when all six trials of buttoning alone were considered was due to differential changes between the two groups in the last two trials. As can be seen from figure 1, the patients showed further improvement between trials 11 and 18 (t = 2-99, df = 20, p < 0 01) while the control group did not (t = 0-28, df = 22, p = 0-78). To obtain a baseline measure of buttoning time for assessing dual task interference effects, the mean of trials 4, 1 1, and 18 (buttoning alone) was calculated for each 18 subject. The median baseline score for the patients was 13-5 (interquartile range ix trial 1 1-3-19-7) seconds and for the controls 9 7 (7-7-11 6) seconds.
(%2 = 0.34, df= 1, p = 0 56) or sex ratio (X2 = 2-32, df = 1, p = 0-13). Figure 1 shows the mean square root transformed times for the trials of buttoning alone 1-4 11 18. Analysis of variance showed that, overall, the patients were significantly slower at buttoning than the control group (F(1,42) = 15-7, p < 0O001).There was a significant main effect of trial number (F(5,38) = 15-4, p < 0 001), and a significant group x trial interaction (F(5,38) = 3-23, p < 0 05). To explore this interaction term further, a series ofpost hoc analyses were performed. First, the data for the initial four practice trials were considered. Although, as before, the main effects for group Patients with Parkinson's disease were slower than controls to complete the buttoning task under all dual task conditions in both blocks of trials (table 2) . To test whether the tapping secondary tasks had any interfering effects on the primary task, the baseline buttoning time was compared with buttoning performance with each of the secondary tasks (MannWhimtney U tests). The difference in buttoning time was significant (p < 0 05) for the patients for both 2 Hz and 4 Hz rates in both blocks.
CHANGES IN PERFORMANCE ON BUTTONING ALONE
The controls also showed a significant increase in buttoning time with the two tapping rates when first assessed (trials 5 and 6), but in the second block (trails 16 and 17) the slowing was significant only with the 2 Hz tapping rate.
To assess the amount of interference, difference scores were calculated for each subject under each condition by subtracting the time for buttoning alone from the time for buttoning with foot tapping. The median difference scores are shown in figure 2 . The patients showed a greater slowing (p < 0 05) with both the 2 Hz and 4 Hz tapping rate for the first test (trials 5 and 6), but for the subsequent tests (trials 16 and 17) the difference between the two groups was significant (p < 0-05) only for the 4 Hz rate. At the slower rate of tapping, the increase in buttoning time was the same in the two groups.
When the increase in buttoning time was considered as a percentage of baseline performance rather than as an absolute difference, the increase at the 2 Hz rate for the patients did not differ (p > 0 10) from that of the controls on either the first trial (median 23-8% patients v 17-4% controls) or the second trial (10-5% v 9-3%). For the 4 Hz rates, the patients showed a greater proportional slowing (p < 0 05) on the first trial (36-7% v 13-3%) while on the second trial the difference only approached significance (17-3% v 6-7%; p < 0-10).
Foot tapping performance Performance on the secondary tasks in conjunction with the buttoning task are shown in Table 3 . Analysis of variance was performed on Soliveri, Brown, Jrahanshah, Marsden their ceiling. The poorer initial level of the patients can be understood simply in terms of the motor deficit of the disease, as suggested by the association between buttoning performance and aspects of the motor symptomatology such as tremor, which correlated highly with buttoning speed. Therefore, from the data on buttoning alone, we can conclude that schema learning, as indicated by the improvement in performance with practice, occurs in Parkinson's disease, and that initial learning happens at the same rate as in control subjects. The worse initial level of the patients, however, may mean that they continue improving for longer (although never to the level of controls) before the ceiling effects of the task are reached.
DUAL TASK PERFORMANCE
Change in performance on the buttoning task alone was only one criterion chosen for assessing schema learning. Separate evidence may be found in the degree to which the secondary task, foot tapping, interfered with buttoning speed. If the control subjects had determined the parameters of the action and buttoning was fully automatic, foot tapping should have had little impact on performance. However, despite reaching a stable level of buttoning performance after four trials, controls still showed significant interference effects on the subsequent initial trials (trials 5 and 6) of buttoning with foot tapping. Later, however, after more practice on the buttoning task, the degree of dual task interference had decreased (trials 16 and 17) and was no longer significant in the case of the 4 Hz tapping frequency. This decrease in the interference effect suggests that schema learning was still taking place after trial 4, offering support to the suggestion above that buttoning performance was subject to ceiling effects. One might assume that, had the control subjects been given more practice, the interference effects might have disappeared completely.
What of the patients? As shown in figure 2 , the initial interference effects were significantly greater than in the control group. With practice, however, the level of interference decreased, to the point where it was no greater than in the controls, at least for the 2 Hz frequency. With the 4 Hz rate significant interference effects were still observed. So, in the patients, as in the controls, continuous schema learning seemed to be taking place throughout the repeated buttoning practice.
As before, however, there are problems with a simple interpretation of the results. These relate to the performance of the two groups on the secondary task, foot tapping. Control subjects were able to tap at rates close to the two target frequencies. It is clear from figure 3, however, that the patients had considerable difficulty with the 4 Hz tapping rate. This does not simply reflect the patients tapping more slowly. Qualitatively, their tapping tended to consist of periods of fast tapping and then sudden "freezing" and erratic performance before normal rhythmical performance was resumed. It is doubtful, therefore, whether the 4 Hz foot tapping was suitable for use as a secondary task to compare interference effects in the two groups. The greater interference shown by the patients could reflect either that less schema learning had taken place for the buttoning or that foot tapping was more difficult. Fortunately, the performance of the patients on the 2 Hz task was both quantitatively and qualitatively similar to that of the controls, with relatively even, unbroken, rhythmical movements. It is still possible that despite comparable levels of performance at the slower rate the patients still found the task more demanding than normal subjects and thus produced more interference with the buttoning task. This seems unlikely, however, given the fact that by the second trial with 2 Hz tapping the interference in the patients did not differ significantly for that of the control group.
The data from the dual task trials lead us to similar conclusions to those derived from the buttoning performance. The decrease in secondary task interference supports the contention that schema learning was continuing to take place in both groups. Whether the initially greater interference produced by 2 Hz tapping in the patient group was due.to less schema learning is difficult to determine. More important, perhaps, is the fact that by the end of practice the interference effect was no greater than that shown by controls, suggesting that the degree of learning and the level of automaticity of the buttoning task was similar in the two groups.
Although the decrease in interference is consistent with an improvement in schema learning, there are other processes by which buttoning performance might improve. One possiblity is that the apparent improvement in performance was due to a change in strategy, trading off performance on the two simultaneous tasks-in the second set of dual task trials, the subjects may have concentrated solely on the buttoning task, ignoring the tapping task. If this were the case we would have expected tapping performance to have deteriorated in the second block of trials while buttoning performance improved. In fact, the speed of the patients' tapping increased for both the 2 Hz rate and the 4 Hz rate. Thus, at the same time as the patient group's buttoning speed was increasing, the tapping rate was also increasing. There is no evidence, therefore, for any change in the trade off between the primary and secondary tasks. Another possibility is that the subjects were not learning the buttoning schema but that they were learning a completely new 
